Pompe disease is a fatal genetic muscle disorder caused by a deficiency of acid ␣ -glucosidase (GAA), a glycogen degrading lysosomal enzyme. GAA-deficient ( 
Introduction
Replacement of the mutant protein for therapy of a genetic disease continues to be an active area of research and efficacy has been demonstrated in some inherited human diseases (1) (2) (3) (4) . To date, however, protein/enzyme therapy has not been shown to target to skeletal muscles, nor an efficacy demonstrated in any genetic muscle disease. Pompe disease is a fatal genetic muscle disorder caused by a deficiency of the glycogendegrading enzyme acid ␣ -glucosidase (GAA, also called acid maltase), 1 resulting in lysosomal glycogen accumulation and muscle dystrophy (5) . Patients with the most common form of Pompe disease present as infants (infantile form) and have extremely low ( Ͻ 1%) GAA activity. Myopathy and hypertrophic cardiomyopathy are progressive and lead to death before two years of age (5) . Patients with juvenile and adult forms of Pompe disease present with progressive skeletal muscle weakness and have some residual GAA activity.
Currently, there is no effective treatment for Pompe disease. Bone marrow transplantation has not been successful (6, 7) . Previous attempts at enzyme replacement were ineffective because of an inadequate understanding of receptor-mediated endocytosis and an insufficient source of highly purified enzyme with appropriate targeting to muscle tissue (8) (9) (10) (11) . We aimed to target the affected organs, heart, and muscle based on mannose 6-phosphate (man 6-P) present in the precursor form of enzyme and man 6-P receptors present in these organs.
Recently, large quantities of recombinant human GAA (rhGAA) purified from the culture medium of Chinese hamster ovary (CHO) cells transfected with human GAA became available (12, 13) . Under optimal conditions, our GAA-transfected CHO cells secreted 91 mg/liter of the precursor form of rhGAA into the medium every 48 h (12) . Man 6-P blocked endocytosis of this precursor enzyme by primary fibroblasts derived from infantile Pompe disease patients, indicating man 6-P receptors mediated enzyme uptake. After intravenous injection of purified rhGAA into guinea pigs, GAA enzyme levels increase in liver, heart, and skeletal muscle, the organs primarily affected in Pompe disease (12 and our unpublished study).
To study the efficacy of man 6-P receptor targeted enzyme uptake in muscle and to evaluate its potential as a new enzyme replacement therapy, an appropriate animal model is needed. The only reported living animals with GAA deficiency are Shorthorn cattle (14, 15) , Brahman cattle (16) , and a strain of Japanese quail (17, 18) . No genetically engineered knockout mouse model for Pompe disease has yet been reported. Since cattle are too large for therapeutic experimentation with a limited source of recombinant enzyme, the acid maltase-deficient (AMD) Japanese quails are currently the only practical animal model. The disease in AMD quails resembles the juvenile and adult forms of Pompe disease in humans in its late-onset, the presence of residual GAA activity (19) , and the histologic changes in affected muscles (20, 21) . The cation-independent man 6-P receptor, which is primarily responsible for receptormediated endocytosis of exogenous GAA, also has insulin-like growth factor II binding activity in mammals (for review see reference 22 ), but not in birds (23, 24) . Despite differences in man 6-P receptors, the precursor form of rhGAA normalized GAA levels in primary fibroblasts and cultured myoblasts from AMD quails (25) . Based on the success of these in vitro studies, we administered the precursor form of rhGAA to AMD quails intravenously and found significant improvements in the glycogen accumulation, GAA enzyme levels, tissue histology, and clinical symptoms.
Methods
Materials. Amyloglucosidase, man 6-P, 4-methylumbelliferone-␣ -Dglucoside (4-MU), and its derivatives were obtained from Sigma Chemical Co. (St. Louis, MO). Reagents for glucose determination was from Roche Diagnostic Systems (Nutley, NJ). Neutralized methanol and formaldehyde fixative (UFIX) was obtained from Sakura Co. (Tokyo, Japan).
Production and evaluation of recombinant human acid ␣ -glucosidase. Recombinant human GAA was produced by transfected CHO cells and purified from the culture medium as previously described (12) . Each batch of purified enzyme was analyzed for GAA enzyme activity using the 4-MU assay. Biological activity, or uptake, was assessed by adding purified enzyme to the culture medium of fibroblasts derived from Pompe disease patients and measuring the increase in GAA activity in the cells. The rhGAA used for the intravenous injection contained 2.7-6.5 mg/ml rhGAA in phosphate buffered saline (PBS), pH 6.5, and Ͼ 90% of the enzyme was 110 kD precursor form.
AMD quail and enzyme administration. AMD quails (strain RWN) and normal quails (strain PNN) were obtained from the Nippon Institute for Biological Science Farm, Kobuchizawa, Yamahashi, Japan. All birds were cared for in accordance with institutional guidelines. AMD quails are able to reproduce and are maintained as a homozygous breeding population. In AMD quails, the age of onset of clinical symptoms varies among individual birds. At 3 wk of age, each of the six male AMD quails selected, demonstrated the clinical symptoms of AMD in that they could not right themselves in a flip test and their wings were in a locked position when held upside down by their legs (Fig. 1) . Two normal male birds of the same age, who were able to right themselves in a flip test and were able to flap their wings when held upside down, were used as controls.
The AMD quails were divided into three test groups and treatment started at 4 wk of age. The clinical effects of AMD were confirmed before treatment. The high dose group (two birds) received 14 mg rhGAA per kilogram body weight per injection. A low dose group (two birds) received 4.2 mg rhGAA per kilogram per injection. A sham-treated group (two birds) received an equivalent volume of PBS per injection. Enzyme (and PBS) was administered as a bolus intravenous injection via the jugular vein. Each test bird received a total of seven injections over a 16-d period. (The first three injections were administered every other day and the next four injections were spaced 3 d apart.) 2 d after the last injections (day 18), the birds were evaluated for signs of clinical improvement by the flip test and locked wings when held upside down. After the physical evaluation, the birds were killed and tissues were examined histologically for morphology and glycogen distribution, and biochemically for enzyme activity and glycogen content. Tissues from two normal birds were used as controls.
The second study consisted of four male AMD quails (age 4 wk, as above), which received a total of 16 injections of rhGAA, 2-3 d apart, over 45 d. The first 12 doses of rhGAA were 5.7 mg/kg and the last four doses were 9.0 mg/kg. Two male AMD quails were injected with PBS (sham treated) as described above.
Histopathological studies. To specifically preserve glycogen, tissues were fixed for 12 h with UFIX and then embedded in paraffin. Glycogen was visualized by staining the tissue sections with periodic acid-Shiff (PAS) and hematoxylin, and confirmed by loss of stainable PAS-positive granules after diastase digestion. The serial sections were also stained with hematoxylin and eosin for histopathological analysis.
Biochemical analysis. Enzyme activities of acid and neutral ␣ -glucosidase were assayed in a 96-well microtiter plate using 4-MU at pH 4.3 and pH 6.7, respectively (26) . Acid ␤ -galactosidase was assayed using 4-methylumbelliferyl ␤ -galactosidase as a substrate (27) . The glycogen content of tissues was assayed by measuring the amount of glucose released from a boiled tissue homogenate after digestion with Aspergillus niger amyloglucosidase. The released glucose was measured by following the absorbency of NADH generated by a linked enzymatic assay with glucokinase and glucose 6-phosphate dehydrogenase (12) . Total protein concentration was determined according to the Bradford method (28).
Results
rhGAA treatment improved weight gain. Over the 18 d of treatment, high dose (14 mg/kg) rhGAA treated quails continued to gain weight appropriately (average, 18 g; versus normal quails, 23 g) while sham treated quails gained only 10 g (Fig.  2) . Low dose (4.2 mg/kg) rhGAA also improved weight gain (15.5 g) over the same treatment period (data not shown). rhGAA treatment improved muscle performance and strength. Both birds that received the high dose showed signs of clinical improvement. They were able to right themselves in a flip test. One bird (No. 03) was able to perform this six times; the other bird was able to right itself once (normal birds can flip more than five times, sham-treated scored zero). Both birds were able to move their wings actively and both tried to rise when held upside down (Fig. 1 C ) . In contrast, shamtreated or untreated birds had wings in the locked position (Fig. 1 B ) . Though not part of the experimental plan, one high dose bird (No. 03) surprised the investigators on day 18 when it flew up more than 100 cm.
The birds that received the low dose of rhGAA and those sham treated (with PBS) were not able to right themselves in a flip test or move their wings from the locked position when suspended by their legs.
rhGAA treatment increased GAA activity in tissues. AMD quails had residual GAA activity 5-39% of normal controls (Fig. 3) . After rhGAA treatment, GAA activity increased in pectoralis muscle (a fast twitch muscle), anterior latissimus dorsi (ALD; a slow tonic muscle), liver, heart, spleen, kidney, lung, and testis. Spleen had the highest activity, which reached the level of normal controls. With the exception of pectoralis muscle, increased GAA activity appeared to be directly dose related, i.e., the higher dose gave higher activity. In the liver, heart, and kidney, the high dose resulted in GAA activity that was close to 50% of levels in normal quails. Spinal cord showed an increase of GAA activity with the high dose, but cerebrum, cerebellum, and brainstem exhibited little or no changes of activity, regardless of dose. As a control, we also measured ␤ -galactosidase activity and found no significant difference among rhGAA treated, sham-treated, untreated AMD, and normal control quails.
rhGAA treatment improved histopathology and glycogen accumulation. The liver, heart, and skeletal (pectoralis) muscle were sectioned and stained with PAS reagent to visualize glycogen in the tissues. We chose to examine the pectoralis muscle because it is the most seriously affected skeletal muscle in AMD quail. The numbers of glycogen granules and severity of histopathological changes in the tissues were scored as ϩϩϩ (very high), ϩϩ (high), ϩ (moderate), or Ϫ (normal) compared with the levels observed in tissues from normal quails (Table I) .
Pectoralis muscle from high dose-treated AMD quails (Fig. 4 C ) had considerably fewer glycogen granules than the sham-treated quails (Fig. 4 B ) but more than normal birds ( Fig. 4 A ) . The skeletal muscle morphology of rhGAA-treated AMD quails was significantly improved compared with shamtreated AMD quails. The fiber necrosis and nuclear proliferation seen in sham-treated birds, indicators of severe muscle damage and regeneration, were absent in rhGAA-treated birds. Multiple vacuoles containing multi-vesicular autophagosomes (confirmed by electron microscopy, data not shown), and inter-and intrafascicular fatty infiltrates observed in sham-treated AMD quails' skeletal muscle were also absent in treated birds. This was associated with a much more uniform size of the myofiber bundles.
Glycogen levels of liver and heart were most dramatically reduced in the rhGAA high dose birds. Fig. 4 , D-F are sections of liver stained with PAS from normal, AMD shamtreated, and AMD high dose rhGAA-treated quails. Liver tissue from high dose-treated AMD quails (Fig. 4 F ) were indistinguishable from normal quail liver (Fig. 4 D ) . Liver tissue from sham-treated AMD quails showed very high levels of glycogen throughout (Fig. 4 E ) . Similarly, the heart from high dosetreated AMD quails was indistinguishable from normal quails (Fig. 4, I and G , respectively) . Like the liver, hearts from sham-treated AMD quails showed very high levels of glycogen (Fig. 4 H ) . The heart of the treated birds was soft and pliable to the touch, like a normal heart. Hearts from sham or untreated AMD birds were stiff and hard.
In the low dose group, liver had almost normal levels of glycogen (Table I ). The amount of glycogen in the heart, though still excessive, was noticeably reduced (scored as ϩ , moderate) compared with the sham-treated birds (scored as ϩϩϩ , very high). The low dose of rhGAA was also effective in reducing the amounts of glycogen found in skeletal (pectoralis) muscle. Histopathology of pectoralis muscle showed significant improvements in the reduction of fatty infiltration, necrosis, and nuclear proliferation compared with sham-treated AMD birds.
The biochemical analysis of glycogen content (Fig. 5 ) was consistent with the histopathology. Of note, glycogen was reduced to normal levels in the liver and heart of rhGAAtreated quails, while glycogen was reduced proportional to the dose in pectoralis muscle of treated birds.
Extended treatment with rhGAA. A second group of male AMD quails (four birds, age 4 wk with clinical symptoms described previously) were treated every 2-3 d, for a total of 45 d, with 5.7 mg/kg rhGAA (first 12 doses) and 9.0 mg/kg rhGAA (last four doses), doses intermediate to the high and low amounts used in the first study. As before, two AMD quails were sham treated with PBS. At this intermediate dose, the histopathology of the rhGAA-treated birds was dramatically improved compared with sham-treated birds (data not shown). The histopathology of the liver and heart of rhGAA-treated birds was normal except for a small number of glycogen granules in the heart. The pectoralis muscle fiber morphology was normal except for increased numbers of glycogen granules and small amount of fatty infiltration. This intermediate dose dramatically reduced the fiber necrosis, nuclear proliferation, multiple vacuoles, and fatty infiltrates seen in sham-treated birds and, in two enzyme-treated birds, none of these degenerative changes were seen. On the other hand, more advanced muscle fiber degeneration and pathological changes were noted in the pectoralis muscle of 45 d sham-treated birds than 18 d (Fig. 4 I ) , presumably because of the increased age and advanced stage of the disease.
Despite the significantly improved histopathology of affected tissues, the intermediate dose rhGAA-treated AMD quails did not show clinical improvement in muscle strength and were not able to complete the flip test, flap their wings, or fly. 
Glycogen granules ϩϩϩ ϩϩϩ Ϫ Ϫ ϩ ϩ Ϫ Ϫ Glycogen granules and severity of pathological changes were scored as normal ( Ϫ ), moderate ( ϩ ), high ( ϩϩ ), or very high ( ϩϩϩ ). * PBS , PBS as sham treatment. 
Discussion
AMD quails show progressive muscle weakness that begins at 3-4 wk after hatching and manifests in an inability to lift their wings, fly, or right themselves from the supine position. Weight gain is poor and joint contractures gradually develop. The birds become progressively emaciated and die before 18 mo of age (21) . The average normal quail life span is 30 mo. Pectoralis muscle is the most severely affected tissue. The histopathological changes in the muscle start with glycogen accumulation and deposition of PAS-positive glycogen granules, then vacuoles containing multi-vesicular autophagosomes become evident. Gradually, evidence of muscle degeneration (necrotic fibers) and regeneration (nuclear proliferation) are apparent and muscle fiber is replaced by fatty tissue. These pathological changes arrested in rhGAA-treated quails in a dose-dependent manner. Increased GAA activity was seen in all tissues examined except the central nervous system. Western blot analysis using human GAA-specific antibody showed that increased GAA activity was indeed due to uptake of the human enzyme (data not shown). However, it was difficult to accurately determine the contribution of rhGAA taken up by the cells relative to endogenous GAA, due to the high residual enzyme activity in quail and possible sequestering of the rhGAA in the capillary endothelium. The unexpectedly high GAA activity in the spinal cord may reflect the latter effect. Along with histopathological and biochemical improvements, muscle strength improved as evidenced by positive flip scores, wing flapping, and flying. The ability to fly requires strength and coordination of many muscle groups of which the pectoralis muscle is the most critical. These data demonstrate that rhGAA treatment can reverse the muscle dystrophic process in its most significant pathology and symptomatology in AMD quails. The continuous weight gain observed in all birds treated with rhGAA indicates that the rhGAA was not toxic or detrimental to the overall health of the birds.
Protein/enzyme replacement is a potential therapy for genetic diseases, and its efficacy has been demonstrated in some human disorders including adenosine deaminase deficiency (1), ␣ 1-antitrypsin deficiency (2), hemophilia (3), and Gaucher disease (4) . None of these diseases, however, affect the muscles. Furthermore, protein/enzyme therapy has not been shown to target to skeletal muscle, nor has efficacy been demonstrated in any genetic muscle disease. The discovery of cell surface receptors that mediate delivery of lysosomal enzymes to target tissues has given promise to this approach for treatment of lysosomal storage diseases. An effective therapy is now available for Gaucher disease (4) and some success has been demonstrated in animal models of mucopolysacharidoses (29) (30) (31) and other lysosomal storage diseases, such as Fabry's disease (32) . However, muscle is not an affected organ in these disorders. Our data is the first to show that an exogenous enzyme can target to muscle and produce muscle improvement. This is the first successful attempt at developing a therapy for treatment of a genetic disorder affecting muscle.
Man 6-P receptors have a wide tissue distribution. They are abundant in heart, kidney, and thymus; intermediate in liver, lung, spleen, testis, and ovary; and low but present in muscle and brain (33, 34) . Although we do not know the exact mechanism by which exogenous rhGAA improves clinical symptoms and histopathology of AMD quails, it is likely, from the evidence of our in vitro data (12, 25) , that rhGAA is taken up by the muscle cells via man 6-P receptor mediated endocytosis. However, it is also possible that uptake of rhGAA by muscle is mediated by other carbohydrate receptors.
AMD quails resemble human juvenile or adult form of Pompe disease in its clinical course, residual enzyme activity, organ involvement, and histology findings. AMD quail, unlike human infantile Pompe disease, do not develop cardiomyopathy or dysfunction, although glycogen accumulates in the quail's heart. Because we found that exogenous rhGAA dramatically improved the clinical symptoms and corrected glyco- gen accumulation in the heart, we anticipate that rhGAA enzyme replacement is not only a potential therapy for juvenile and adult forms of Pompe disease, but also for infantile Pompe disease. It should be noted, though, that glycogen accumulation is also seen in the neurons of infantile disease patients, particularly in anterior horn cells of the spinal cord. There are, however, no clinical symptoms such as mental impairment, neurological deficits, or motor neuropathy evident in these patients (5) .
In this investigation, the therapeutic effects were demonstrated in AMD quails treated with rhGAA (4.2-14 mg/kg) at 2-3 d intervals. Given that a single dose of rhGAA corrected intracellular GAA and glycogen in human Pompe disease fibroblasts to normal levels for 7 d (12), it is possible that less frequent dosing would also be effective. This remains to be tested. Extrapolation of dose for surface area adjustment would suggest that one eighth of quail dose could be effective in humans (35) . Furthermore, in vitro quail fibroblasts and muscle cells require a higher dose of rhGAA than human Pompe disease fibroblasts to raise the intracellular GAA to normal levels (25) . This may reflect differences in the number and ability of the man 6-P receptor in the two species to facilitate rhGAA endocytosis. In fact, all of these findings suggest that a lower and less frequent dose would be effective in humans.
The full-length quail GAA cDNA recently was isolated from a cDNA library derived from the liver of a Japanese quail. Compared with normal quails, the levels of GAA mRNA were markedly reduced in muscle, liver, heart, and brain of AMD quails, which suggests that the GAA deficiency in AMD quails is due to a lack of GAA mRNA (36) . The residual GAA activity in the AMD quail is likely due to the presence of other ␣ -glucosidases (19, 36) . Human GAA has only 52% amino acid sequence homology to the quail GAA (36) . As expected from interspecies antigenicity, antibody was detected (data not shown). The lack of additional muscle improvement in the second study, which extended the treatment to 45 days, could be due to the antibody response that reduced the effectiveness of the therapy in these quails.
In conclusion, we have shown that AMD quails are suitable animals to test the efficacy of enzyme replacement or, possibly, gene therapy for human Pompe disease. The clinical histopathological and biochemical improvements of affected quails support the notion that enzyme replacement with rhGAA is a promising therapy for human Pompe disease.
